As a part of a broader study of the surface formations in maritime Antarctica, a preliminary survey on the content of radionuclides has been carried out in soils of Byers Peninsula, located in 
4 been compiled by López-Martínez et al. (1996) . The presence in certain areas of permafrost and of an active layer at 30 cm depth as well as the role of freeze-thaw, wetting and drying and other weathering mechanisms has been described by Hall (1992 Hall ( , 1993 and Serrano et al. (1996) .
The soils have a very poorly developed profile and horizon differentiation is minimal. They are strongly affected by freeze-thaw cycles and the most significant effect is on the reduction of particle size, whereas permafrost and downward flow water determine leaching and translocation of soil components (Jie et al., 2000) . Soils are very stony, they are Cryosols and Cryic Leptosols at the upper part of the raised platform. The soil characteristics have been described in detail by Navas et al. (2004) . In general they have low organic matter (0.4-1.3 %) and carbonate contents (< 0.7 %, apart from 20% in deep layers of L-CS). Electrical conductivity is low (0.2 dS m -1 ) and pH ranges from 6.59 -8.59 in soils of the Holocene beach and the upper platforms, respectively.
Textures are loam on the raised platform and sandy loam on the beach and the soil bulk density range is 1.3 -2.1 g cm -3 . The vegetation developed on these soils is composed of mosses and lichens, mostly associated with stony soils, and grasses on the soils that are more finely textured on the Holocene beach.
Materials and methods
A transect of around 1,750 m following an altitudinal gradient was established from a raised
Pleistocene marine platform towards a Holocene beach. Five cores (L-A, L-AS, L-BS, L-CS, and
L-O) were collected along the slope of a glacially over-deepened lake basin between 88 and 70 m a.s.l., one core (C-O) was taken at 60 m a.s.l., and core P-O was at 24 m a.s.l. at a raised beach (Figs. 1B and 1C) .
The soil profiles were sampled using an automatic core driller. Cores were extruded and sectioned following textural and colour criteria. The depth of sampling was 13 cm in sites L-A, L-O, C-O and P-O, but for L-AS, L-BS, L-CS, the depth reached 39 cm.
5
The depth interval soil samples were air dried and ground to pass a 2 mm sieve for soil analyses. Total weight of the samples and of finer and coarser fractions were recorded. Standard soil analysis techniques were used for pH, carbonates and organic matter determinations.
Granulometric analysis of the sand, silt and clay size fractions was performed using Coulter laser equipment. Samples were stirred and ultrasound used to facilitate particle dispersion.
Coarse fractions were obtained by dry sieving.
Measurements of radionuclide activities in soil samples were undertaken by using a high resolution, low background, hyperpure coaxial gamma-ray detector (EG & G ORTEC HPGe) coupled to an ORTEC amplifier and multichannel analyser. The detector has an efficiency of 20%, a resolution of 1.86 keV and is surrounded with shielding material to reduce the background counting rate. The detector was calibrated using standard samples in the same geometry as the measured samples.
Prior to analyses of the radionuclides, soil samples were packed in 100 mL PVC cylindrical containers that were kept sealed for 2 months. Litaor, 1995; Navas et al., 2002a) . 40 K and 137 Cs show the highest variation with coefficients of 72 and 87 % respectively whereas 226 Ra is the less variable.
As can be seen in Table 2 the natural gamma radionuclides are highly correlated indicating a common source from the parent materials (Fairbridge, 1972) . The lower coefficient between 238 U and 226 Ra may be due to soil processes that affect differently the mobility of the two members of the uranium decay series. As expected, the natural radionuclides do not correlate with the artificially emitted 137 Cs.
Correlations were established among the radionuclides with the main soil properties such as grain size, organic matter and carbon contents, electrical conductivity, carbonates and pH, but few were significant. In these Antarctic soils, only 137 Cs was positively correlated with sand (r = 0.736) and negatively with silt (r = -0.746), this could be due to the pattern distribution of soil particles along the soil profile, because the higher 137 Cs activities are at the soil surface that in turn presents higher contents of coarse particles. Increasing contents of organic matter and carbon were related to higher 238 U, 232 Th and 40 K activities as indicated by the respective positive and significant correlation coefficients (r = 0.651, r = 0.645, r = 0.680).
The pattern distribution of the radionuclides along the transect from the platform to the raised beach can be seen in Figure 2 where the mean activities at the sampling sites are represented. For the natural radionuclides, the highest activities are found at the footslope of the glacially overdeepened basin (L-A) which is located at the beginning of the transect at an altitude of 70 m a.s.l. (Fig. 1C In maritime Antarctica, cryogenic processes are very relevant and are responsible for the abundant patterned and classified soils present in Byers Peninsula (Serrano & López-Martínez, 1998 ). Therefore it is of interest to analyse the distribution of coarse and fine fractions in the studied soils in order to examine their relationships with the radionuclide distributions. 
Depth distribution of the radionuclides
Research on the soil factors that influence radionuclide transfer and how pedogenesis affects their depth distributions along soil profiles has been carried out by Navas et al. (2002b) in a very different environment such as the Mediterranean Spanish mountain. Similarly, to assess if soil and geomorphic processes affect the radionuclide activities, their depth profile distribution has been examined in detail at the three sites located along the slope of the lake basin where sampling depth reached 39 cm. The remaining sites will allow an interpretation of features just on the upper soil layer (13 cm depth).
The depth profiles of the natural and artificial radionuclides show different patterns along the different slope positions within the lake basin (Fig. 4) . In spite of the very low concentration of 137 Cs, less than 2 Bq kg -1 in the upper layers, the radionuclide presents a slight exponential decay with depth in all sites, although it is more marked at the crest of the lake basin. Nevertheless, However, small differences in activities among the sites, as well as on the grain size contents, do not permit an extraction of more reliable information and further research is needed for better assessment on the pattern of soil movement in Byers Peninsula. Th, is accompanied by a decrease of the organic matter content from 1.27 to 0.54 % at lower layers. Whereas pH increases from 7.9 to 8.6 due to a large variation in the content of carbonates that increases from almost negligible in the upper layers to 20 % in the lower layers. In soil profiles of Mediterranean mountain areas, carbonate content was related to restricted mobility of natural radionuclides (Navas et al., 2002a) . Nevertheless at the footslope all the natural radionuclides increased significantly with depth. In this soil profile there are not significant variations with depth in pH and carbonates, therefore these soil properties do not affect the radionuclide distribution at this site.
The highest clay content is found at the footslope of the basin and this appears to be the reason for the highest radioactivities found at this site. As is widely known in the literature, (e.g.
VandenBygaart and Protz, 1995) the radionuclides are associated with clay minerals or they are fixed within the lattice structure. This fact is confirmed by the depth distribution of clays whose increase from 17 to 31 % in the lower layers parallels a significant enrichment of all the natural radionuclides with depth. Besides, an increase in the organic matter content in the lower layers may also be related to the increase of the clay percentage. On the other hand, the analysis of the elemental composition in this soil profile revealed that K significantly increases with depth, from 6500 to 15000 mg kg -1 , which is directly related with the 40 K increase. Furthermore, at this footslope site the mineralogy in the lower layers had the highest percentage (52 %) of sheet silicates, mainly chlorite and minor contents of illite (Navas et al., 2004) .
The interpretation of these results indicates that among the cryogenic processes, the cycles of freeze -thaw are responsible of the particle size reduction that it is observed from the crest to the footslope and that is favoured by the presence of abundant water during midsummer.
Besides, soil movement downslope determines the accumulation of finer fractions at footslope sites. This in turn facilitates the accumulation of minerals (especially sheet silicates) that may contain the natural radionuclides. When analysing the distribution of soil properties and radionuclides along the soil profile, other processes that may play a role in their mobility and distribution become important. Thus at the footslope sites, clays and organic matter are leached out of the upper part of the soil and they accumulate in the lower layers. This happens at the footslope site because the downward flow of water is more intense in this lower topographic position. Besides, at this site, it is expected to have a larger range of the active layer than at the steeper crest and midslope sites, hence water movement down the profile should be more intense. On the upper slope sites decreasing contents of natural radionuclides with depth may be caused by lower water availability that limits the transport of clay minerals down the profile.
Therefore, the distribution of natural radionuclides is mainly associated with that of minerals of parent materials through geomorphic and soil processes that trigger the enrichment of the clay fraction.
In contrast to what has been described in some Mediterranean environments (Navas et al., 2002b) ) that are easily mobilized over a broad range of soil pH. Nevertheless, in the maritime Antartica environment it seems that mobilization of radionuclides from the U and Th decay series is very limited. The transference of the radionuclides down the profile seems to be restricted by the short time in which water circulates down the soil profile. Therefore, it appears that the contents of the natural radionuclides in soils, is mainly related to the mineral composition of the parent materials and that their accumulation in lower soil layers occurs by the accumulation of clay minerals that contain the radionuclides. Hence, this is not due to the proper leaching of the radionuclides, but of the clay minerals to which the natural radionuclides are associated and the leaching occurs during the short periods of water circulation.
Conclusions
In the soils of Byers Peninsula, the contents of the natural radionuclides differ among the soils along the morphoedaphic environments in the studied transect. The spatial variability and the soil profiles are in close relation with the mineralogy of parent materials.
In this environment, geomorphological (cryogenic) and downslope soil movement are the predominant processes involved in the transport of soil particles and affecting the pattern distribution of the natural radionuclides. Intensity of the leaching of soil particles seems to be related to that of water circulation and the fluctuations of the active layer.
The concentrations of the artificially emitted 137 Cs were very low, and especially in the lake basin its depleted levels reflected the soil movement downslope in comparison with higher contents at more level sites along the transect. Nevertheless, further research is needed to overcome the restrictions of the very low concentrations that limit the interpretation of the processes. Table 1 . Summary statistics of the radionuclides. 
